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Background In recent years, several avian influenza subtypes

(H5, H7 and H9) have transmitted directly from birds to man,

posing a pandemic threat.

Objectives We have investigated the immunogenicity and

protective efficacy of a cell based candidate pandemic influenza

H7 vaccine in pre-clinical animal models.

Methods Mice and ferrets were immunised with two doses of

the split virus vaccine (12–24 lg haemagglutinin) with or without

aluminium hydroxide adjuvant and challenged 3 weeks after

second dose with the highly pathogenic A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99

(H7N1) virus. The H7N1-specific serum antibody response was

also measured. After challenge, viral shedding, weight loss, disease

signs and death (only mice) were recorded.

Results Low-to-modest serum antibody titres were detected after

vaccination. Nevertheless, the vaccine induced significant

protection from disease after challenge with the wild-type virus. In

the murine lethal challenge model, vaccination effectively

prevented death and, furthermore, formulation with adjuvant

reduced excessive weight loss and viral shedding. In ferrets,

vaccination reduced viral shedding and protected against systemic

spread of the virus.

Conclusions We have extended to the H7 subtype the finding

that protective efficacy may not be directly correlated with the

pre-challenge levels of serum antibodies, a finding which could be

of great importance in assessing the potential effectiveness of

pandemic influenza vaccines.
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mouse, protection.
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Introduction

In recent years, several avian influenza subtypes have trans-

mitted directly from birds to humans, causing disease and

death. The H5 virus has been responsible for the majority

of these zoonoses, resulting in over 60% mortality in

infected individuals.1 In Europe and North America, how-

ever, human cases of avian influenza have almost exclu-

sively been of the H7 subtype and caused by direct

transmission from poultry infected with highly pathogenic

avian H7 viruses.2–5 The major symptom of H7 infection

in humans has been conjunctivitis, sometimes with influ-

enza-like-illness (reviewed in Ref. 6). Nevertheless, during

an H7N7 outbreak in the Netherlands in 2003, this virus

also led to acute respiratory distress syndrome and the

subsequent death of a veterinarian.2,3 Recently, it has been

reported that some H7 isolates of the North American line-

age have acquired human a2,6 sialic acid receptor binding

properties.7 It is thus clear that in addition to avian H5,

the H7 avian subtype also constitute a pandemic threat, as

it is a novel virus that has replicated and caused both respi-

ratory and systemic disease in humans. However, a pan-

demic virus must also exhibit efficient human-to-human

transmission, a property not yet acquired by viruses of the

H5 or H7 subtypes.

It is safe to assume that a timely and widespread use of

an effective vaccine will limit the burden of disease in an

influenza pandemic. Pandemic modelling also suggests

that even a pandemic vaccine of relatively low efficacy will

be useful during a pandemic.8,9 One critical issue in
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responding to an influenza pandemic is the time lag

between the emergence of a pandemic virus and the avail-

ability of an appropriate seed virus approved for vaccine

production. The use of reverse genetics (RG) to attenuate a

highly pathogenic pandemic influenza strain allows rapid

construction of a safe high yielding seed virus.10,11 Further-

more, this allows vaccine production in embryonated hens’

eggs, the substrate used by most influenza vaccine manu-

facturers. However, the supply of eggs may be a limiting

factor in a pandemic scenario. A cell culture based influ-

enza vaccine is an attractive alternative to supplement cur-

rent egg based vaccine production, as the production

output may be more readily scaled up. Furthermore, stud-

ies of seasonal strains have shown that cell-based seed

viruses may be more antigenically relevant than egg-derived

seed viruses.12,13 To date, three different cell lines have

been used in clinical trials of influenza vaccines; the Madin

Darby canine kidney (MDCK) cells,14 the African green

monkey kidney (Vero) cell line15,16 and the PER.C6� cell

line derived from a human retina; the latter being used in

this study.

Avian influenza pandemic vaccine candidates have been

shown to be weakly immunogenic in naı̈ve adults.17 There-

fore, strategies to increase the immunogenicity of these vac-

cines are urgently needed. The ability of several different

adjuvants to augment the immune response after vaccination

has been investigated in pre-clinical18–20 and clinical

studies.21–23 Of these adjuvants, aluminium salt adjuvants

have been the most frequently used, and have enhanced the

immune response after vaccination in most studies, as well as

reduced the morbidity after challenge in H5 and H7 animal

studies.18,24–27 The proprietary oil-in-water emulsion systems

such as MF59 and AS, have effectively enhanced antibody

responses after H5 vaccination in man.22,23,28–31

In this study, we have evaluated a novel cell-based influ-

enza H7 vaccine, based on the Eurasian highly pathogenic

avian influenza strain, A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1)

that was isolated from poultry in northern Italy in 1999.

The attenuated vaccine seed (RD3) was generated by RG,

using the neuraminidase and modified haemagglutinin

(HA) from A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1) and the

internal protein genes from the vaccine donor strain

A ⁄ Puerto Rico ⁄ 8 ⁄ 34 (PR8) (H1N1).32 RD3 was propagated

in the PER.C6� cell line and subsequently used to produce

a split virion vaccine for use in the pre-clinical studies

reported here using the human doses used in a phase I

clinical trial.33 We evaluated the protective efficacy of this

vaccine to reduce disease and death in a lethal murine

challenge model. In mice, low levels of antibodies were

detected after vaccination, but nevertheless vaccination

reduced disease and protected animals from death after

challenge with the parent highly pathogenic virus,

A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1). Furthermore, the

protective efficacy of the aluminium hydroxide adjuvanted

vaccine was evaluated in a pilot study in ferrets and found

to effectively reduce viral shedding and prevent systemic

spread of the highly pathogenic parent virus.

Materials and methods

Virus strains and vaccine preparation
The highly pathogenic A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1)

virus was isolated during an outbreak in Italian poultry in

1999.34 Due to its lethality in both mice and embryonated

eggs, it was chosen as the basis for the pandemic vaccine

candidate used in this study. The vaccine virus, called RD3,

was generated by RG using the surface antigens HA and

neuraminidase from the A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1)

virus and the internal protein genes from the vaccine

donor strain A ⁄ Puerto Rico ⁄ 8 ⁄ 34 (PR8) (H1N1).32 The

recovered virus was only propagated on two different

mammalian cell lines (Vero and PER.C6�). The multibasic

cleavage site of HA was genetically modified to contain

only one basic amino acid residue, which has previously

been demonstrated to reduce virulence of highly patho-

genic avian influenza viruses.35 The RD3 virus was subse-

quently propagated in PER.C6� cells under Biological

Safety Level (BSL) 2 enhanced (pandemic influenza vac-

cine) and an inactivated split virion vaccine was produced

(sanofi pasteur, Marcy l’Etoile, France). The HA content of

the vaccine was measured by single radial diffusion. The

aluminium hydroxide adjuvant (AlOOH) was provided in

0Æ5 ml pre-filled syringes containing 600 lg Al.

Immunisation of animals
All procedures were carried out according to the UK Home

Office Licence regulations and by individuals with appropri-

ate personal Home Office Licenses. The study was approved

by the National Institute for Biological Standards and

Control Ethical Review Process. The vaccine was formulated

at 47 lg ⁄ ml of HA in phosphate-buffered saline (PBS) for a

phase I clinical trial. Animals were immunised with

12–24 lg HA reflecting the dose used in this phase I clinical

trial. Ferrets were immunised intramuscularly with 24 lg

HA, whereas mice were immunised subcutaneously with 12

and 20 lg HA due to limits of the injectable volume. These

vaccine doses were determined based on data from the

preliminary immunogenicity studies in mice and toxicology

in rabbits and to allow the vaccine to fulfil the regulatory

requirements to enter human clinical trial. All the challenge

studies were conducted under BSL-3 conditions.

Murine protective efficacy study
Six- to 8 weeks-old female BALB ⁄ c mice were purchased

from Charles River Laboratories (Kent, UK) and housed

according to the appropriate national regulations. Groups
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of 20 mice were vaccinated subcutaneously with two doses

(18 days apart) of the split virion vaccine, 12 or 20 lg HA

with or without aluminium hydroxide adjuvant (AlOOH)

(60 lg Al). The aluminium hydroxide adjuvant was mixed

with the vaccine antigen immediately before injection, as

described earlier.21 The injected volume was adjusted corre-

spondingly to administer the correct dose with mice receiv-

ing 12 lg HA (0Æ25 ml), adjuvanted 12 lg HA (0Æ3 ml),

20 lg HA (0Æ43 ml) or adjuvanted 20 lg HA (0Æ48 ml). A

control group consisted of unimmunised mice. Serum sam-

ples were collected at 18 days after the first and second

dose of vaccine from a tail vein or by cardiac puncture

post-challenge (at day 14 or earlier if moribund).

Three weeks after the second immunisation, animals

were anaesthetised with ketamine (Vetalar; Pfizer Limited,

Kent, UK) and challenged intranasally with 100MID50 ⁄
10LD50 (20 ll) of egg grown A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99

(H7N1) virus. Following challenge, animals were weighed

and observed for clinical signs of disease (ruffled fur, neu-

rological signs, respiratory and ocular symptoms) for

14 days. Nasal wash samples were collected for the initial

6 days after challenge to monitor viral shedding. Awake

mice (non-anaesthetised) were restrained by scruffing, and

500 ll PBS ⁄ 0Æ14% bovine serum albumin (BSA) (PBS ⁄
BSA) administered drop wise to the nasal cavity.36 The

exhaled PBS ⁄ BSA was collected and aliquots screened for

infectious virus by inoculation onto MDCK. The remainder

of the washings were stored at )70�C for subsequent quan-

titative assay of infectious virus in MDCK cells.

Pilot ferret protective efficacy study
The adjuvanted highest human dose of vaccine used in the

phase I clinical trial33 was evaluated in a pilot study in ferrets.

Groups of four adult male ferrets (accredited supplier, UK)

6- to 12-months old were vaccinated intramuscularly with

two doses (21 days apart) of either 24 lg HA of the split vir-

ion vaccine adjuvanted with AlOOH (600 lg Al) (1 ml) or

saline (control group). The adjuvant was mixed with the vac-

cine immediately before injection, as described above. All fer-

rets were seronegative by haemagglutination inhibition

assays (HI titres <8) to the H7N1 virus and currently circu-

lating H3, H1 and B strains. Ferrets were housed in open

pens after vaccination and then transferred to individual

cages prior to challenge. Animals were fed twice daily with

tinned cat food ⁄ dry cat biscuit mix and following challenge

the diet was supplemented with cat milk.

Twenty-one days after the second immunisation, animals

were sedated with 0Æ2 ml ⁄ kg of ketamine ⁄ xylazine and

challenged by intranasally administering A ⁄ chicken ⁄
Italy ⁄ 13474 ⁄ 99 (H7N1) virus [108Æ5 egg infectious dose

(EID50) in 0Æ4 ml PBS ⁄ BSA]. Animals were bled from the

tail vein prior to each vaccination and 21 days after the

second immunisation and by cardiac puncture when killed.

Serum samples were stored at )70�C until they were tested

in the modified HI and microneutralisation (MN) assays.

After challenge, body weights, temperatures and clinical

symptoms were recorded at the same time daily for six

consecutive days. Animals were sedated as described previ-

ously on days 1, 3 and 5 post-challenge and nasal washings

collected using drop-wise administration of 2 ml PBS ⁄ BSA

to the nostrils. Exhaled nasal washings were collected and

immediately frozen at )70�C.37

On day 6, two animals from each group were killed and

nasal washings, eye swabs (placed in 1 ml PBS ⁄ BSA) and

samples of lung, spleen and the whole brain including the

olfactory bulbs collected from each animal. Lung samples

comprised tissue collected from each lobe except the car-

diac lobe. The remaining animals were observed for clinical

signs of disease until 14 days post-challenge, when nasal

washings and eye swabs were collected and the animals

were killed. All eye swabs, spleen and brain tissues were

frozen immediately at )70�C.

Virus recovery from the nasal washes of mice
The presence of replicative virus in the nasal washes was

quantified in confluent monolayers of MDCK cells for mice

as previously described.38 On the day of collection, nasal

washings were inoculated onto MDCK cells in flat bottom

(FB-96) plates, two wells ⁄ wash, 50 ll ⁄ well, adsorbed for

30 minutes at room temperature and then replaced with

100 ll infection medium, Dulbecco’s modified Eagles

Medium with 40 mm l-glutamine, 2Æ5 lg ⁄ ml TPCK trypsin,

100 IU ⁄ ml penicillin, 100 lg ⁄ ml streptomycin, 2Æ5 lg ⁄ ml

amphotericin and 0Æ14% BSA. Unused aliquots of nasal

washings were stored at )70�C. Cells were incubated at 35�C

for 3 days, when 50 ll aliquots of the medium were trans-

ferred to U-bottom plates and 50 ll of 0Æ7% turkey erythro-

cyte suspension added to each well to detect virus. Positive

nasal washings were thawed and diluted 10)1 to 10)4 in

infection medium and the dilutions added to confluent

monolayers of MDCK cells in FB-96 plates, 100 ll ⁄ well, and

10 wells ⁄ dilution. Plates were incubated and processed as

before and the number of virus positive wells for each

dilution recorded. Negative nasal washings were inoculated

at 10)1 dilution only. Each set of assays included a control

titration of A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1) virus. Titres

were calculated by the method of Spearman-Karber.39

Virus recovery from nasal washings, eye swabs
and tissue samples from ferrets
Tissue samples were thawed, weighed and homogenized in

2 ml of PBS ⁄ BSA containing 4000 IU penicillin for each

gram of tissue. The homogenates were clarified by micro-

centrifugation at 15 kg for 3 minutes. Nasal washings, eye

swab collection fluids and clarified tissue homogenates were

inoculated undiluted or diluted (10)1 to 10)6) into 10-day
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embryonated hens’ eggs (0Æ1 ml per egg, three eggs for each

dilution). The undiluted samples were similarly inoculated

except for the addition of 2000 IU ⁄ ml of penicillin. Eggs

were incubated at 35�C for a minimum of 48 hours and

then chilled at +4�C for a minimum of 4 hours before har-

vesting allantoic fluid. The presence of replicative virus was

detected by using an HA assay as follows 50 ll samples of

allantoic fluid from each egg were transferred to wells of

U-well micro-titre plates and 50 ll of 0Æ7% turkey erythro-

cytes added to each well to detect virus growth by 100%

haemagglutination. The 50% EID50 was calculated by the

method of Spearman-Karber.39

Serological analyses
Pre- and post-challenge serum samples from each individ-

ual were tested at the same time in all serological assays

using the PER.C6� cell grown RD3 virus. A post-infection

ferret serum against RD3 was used as a positive control in

the HI and MN assays. Cross-reactive HI assays were also

conducted with egg grown A ⁄ mallard ⁄ Netherlands ⁄ 12 ⁄ 2000

(H7N3) and A ⁄ New York ⁄ 107 ⁄ 03 (H7N2) strains.

Haemagglutination inhibition assay
Sera were treated to remove non-specific inhibitors by 1 ⁄ 4
dilution in receptor destroying enzyme and incubation for

18 hours at 37�C followed by 45 minutes incubation at

56�C and tested by a modified HI assay, using 1% horse

erythrocytes.21,40 HI assay for antibody against cell grown

RD3 virus was performed by standard micro-titre method

using twofold dilutions of sera in 25 ll volumes, four hae-

magglutinating units of RD3 and 1% horse erythrocytes.

Positive control sera included a post-RD3 infection ferret

serum and a goat hyper-immune serum raised against the

A ⁄ equine ⁄ Prague ⁄ 56 (H7N7) purified HA. Each serum

sample was tested at least twice and the results reported as

the geometric mean of the readings. The serum HI titre

was expressed as the reciprocal of the highest dilution at

which haemagglutination was inhibited and titres <8 were

assigned a value of four for calculation purposes.

Microneutralisation assay
Neutralising antibody titres were determined in ferret

serum using a previously described MN assay41 with

MDCK cells. Positive control sera32 were included in the

assay. Serum samples were tested in duplicate on at least

two occasions from initial dilutions of 1:20. Sera with titres

of 20 or greater were considered positive. Antibody titres

<20 were assigned a value of 10 for calculation purposes.

Enzyme-linked immunosorbent assay
The murine influenza-specific serum IgG, IgG1 and IgG2a

antibodies were quantified using the enzyme-linked immu-

nosorbent assay (ELISA) assay, as previously described.42,43

Briefly, ELISA plates were coated with 0Æ5 lg ⁄ well of whole

influenza RD3 virus and capture goat anti-mouse IgG,

IgG1 and IgG2a antibodies overnight at 4�C. Serially

diluted sera and immunoglobulin standards were then

incubated for 2 hours at room temperature, followed by 1-

hour incubation with biotinylated goat anti-mouse IgG

class or subclass antibodies and 1-hour incubation with ex-

travidin peroxidase. Serum samples from each of the vacci-

nation groups were included on each ELISA plate. The

antibody concentrations (lg ⁄ ml) were calculated using the

IgG, IgG1 and IgG2a standards and linear regression of the

log-transformed readings.

Statistical analyses
Statistical analyses were performed using spss for Windows

(version 14.0.2, SPSS Inc., Chicago, IL, USA). The clinical

score data up to 14 days post-challenge from the murine

protective efficacy study was analysed using a non-paramet-

ric analysis of variance and the Wilcoxon rank test was

used for performing pair-wise comparisons. The murine

serum IgG, IgG1 and IgG2a response was analysed using

the two sample or the paired Student’s t-test. A multiple

comparisons approach with the Bonferroni corrections was

used to analyse the groups of mice for virus recovery or

weight loss. The only statistical analysis performed on the

ferret study was a mixed linear regression model which was

used to test the viral recovery from nasal washes. P-val-

ues £ 0Æ05 were considered significant.

Results

Murine protective efficacy study
The protective efficacy of the vaccine (12 or 20 lg HA)

with or without aluminium adjuvant was investigated using

a lethal virus challenge model. Unimmunised mice served

as a control group. Mice were challenged with the highly

pathogenic A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1) strain

3 weeks after the second dose. Pre- and post-challenge

H7N1 antibody titres were measured by HI, MN and

ELISA assays. Viral shedding in the nasal washes was quan-

tified and weight loss, clinical signs of disease and death

were recorded after challenge.

Viral challenge enhanced the post-vaccination HI
response
No or little HI antibody was detected 21 days after the first

vaccination (data not shown). All groups had detectable

antibodies after the second immunisation although HI

titres were low ranging from not detectable to 64, with the

highest HI titres observed in the animals vaccinated with

20 lg HA with or without AlOOH (Fig. 1). The adjuvanted

vaccines generally elicited higher HI titres than the

non-adjuvanted formulations after the second vaccination.
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Antibody titres increased significantly after challenge in all

groups.

Vaccination induced a Th2 skewed response
Low antibody levels of IgG consisting mainly of IgG1 were

measured 21 days after the second vaccine dose. A dose

response was observed with the lowest concentrations of

IgG detected in 12 lg HA group and the highest response

observed in the 12 or 20 lg HA adjuvanted groups. Virus

challenge significantly boosted these antibody responses in

all groups (P < 0Æ05), with the highest antibody concentra-

tions observed in the adjuvanted groups. The IgG response

was entirely dominated by the IgG1 subclass in all vacci-

nated mice, whereas little or no IgG2a was detected in

these animals either after vaccination or following challenge

(Figure 2). In contrast, IgG2a was detected in higher

concentrations than IgG1 following challenge, albeit at

very low antibody concentrations, 900 and 400 ng ⁄ ml

respectively.

Immunisation reduced viral shedding after viral
challenge
Vaccination significantly reduced viral shedding in the

nasal washes compared to the unvaccinated controls

(P < 0Æ0001). However, no significant differences were

found in viral shedding between the different vaccine

groups. Peak viral titres were observed at 2 or 3 days post-

challenge in the vaccinated groups, and later on day 4 in

the control animals (Figure 3A). By day 6, and with the

exception of one animal in the 20 lg HA adjuvanted

group, no detectable virus was found in any of the vacci-

nated mice, whereas virus was still recovered on day 6 from

all control mice. Nasal wash virus was recovered from

fewer challenged mice in the adjuvanted than in the non-

adjuvanted vaccine groups.

A cell-derived H7N1 vaccine protected mice from
disease and weight loss
Vaccination induced a highly significant reduction in the

signs of infection (P < 0Æ0001) (Table 1, Figure 3B). All

unvaccinated control animals exhibited multiple signs of

influenza disease after challenge, typically starting 5 days

post-infection with severe symptoms developing several

days later. Early signs of disease consisted of severe ruffled

fur and reduced activity, whereas rapid and ⁄ or laboured

breathing and excessive weight loss (>10% of pre-infection

weight) were observed later (Figure 3C). Almost half of the

Figure 1. The haemagglutination inhibition (HI) antibody response

induced after vaccination and challenge. Groups of 20 mice were

vaccinated with two doses of vaccine (12 or 20 lg HA), alone or with

aluminium hydroxide adjuvant (60 lg Al). Unimmunised mice served as

a control group. Mice were challenged with the highly pathogenic

A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1) strain 3 weeks after the second

dose. Serum HI titres were measured by a modified HI assay using cell

grown H7N1 virus and horse red blood cells at 18 days after the

second vaccination (pre) and 14 days after challenge (post). The

horizontal lines represent the geometric mean titre (GMT), and each

symbol represents one animal from the adjuvanted (+) or non-

adjuvanted ()) groups. The limit of detection of the HI assay was eight,

and negative titres were assigned a value of four.
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Figure 2. The IgG subclass distribution in mice after vaccination and

challenge. Groups of 20 mice were unimmunised (controls) or

vaccinated with two doses of 12 or 20 lg HA vaccine with (60 lg Al)

or without aluminium hydroxide adjuvant. Mice were challenged with

the highly pathogenic A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1) strain

3 weeks after the second dose. An ELISA assay was used to measure

the RD3 influenza specific IgG (black), IgG1 (grey) and IgG2a (open)

concentrations (lg ⁄ ml) ± SEM at 18 days after the second vaccination

in (pre) and 14 days after challenge (post) samples. The different

groups adjuvanted (+), non-adjuvanted ()) and unvaccinated controls

(C) are shown below the axis. The ELISA results were analysed using

the two sample or the paired Student’s t-test. The limit of detection of

the ELISA is 10–15 ng ⁄ ml.
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unvaccinated control mice developed ocular symptoms

probably conjunctivitis and ⁄ or neurological signs (tremor

and ⁄ or ataxia). Seventeen of the unvaccinated mice died or

were killed for humane reasons before the end of the study

period. Signs of infection were significantly reduced in all

groups of vaccinated mice compared to the controls

(P < 0Æ0001). The adjuvanted vaccine groups also had

higher numbers of mice without any signs of infection than

the non-adjuvanted groups. Two mice in each of the 12 lg

HA and adjuvanted 20 lg HA groups developed clinical

symptoms, and of these, one mouse in each group died or

was killed due to excessive weight loss. Thus, formulation

of both vaccine strengths with AlOOH reduced the number

of mice exhibiting weight loss and viral shedding.

A cell-derived H7N1 vaccine protected mice from
death
Vaccination induced a highly significant reduction in the

signs of infection (P < 0Æ0001) and marked protection from

death after viral challenge (Table 1, Figure 3B). Only two

vaccinated animals died (one out of 20 mice in each of the

12 lg HA and adjuvanted 20 lg HA groups). In contrast,

four control mice died and 13 were killed. The three

remaining control animals survived and appeared disease

free at the end of the study. One mouse in the 12 lg HA

group died 10 days post-infection and one mouse in the

A

B

C

Figure 3. Protective efficacy of the H7N1 split virus vaccine in mice.

(A) The viral shedding in the nasal washes. The mean viral titres

(TCID50 ⁄ ml � SEM) are presented for each group. The lower limit of

detection was 100Æ5 TCID50 ⁄ ml. (B) The number of mice surviving viral

challenge from each group of 20 animals. (C) Weight loss in challenged

animals. The data is presented as mean weight loss (grams) � SEM.

Mice were examined for day 6 (viral shedding) or 14 days (death and

weight loss) after challenge and the data is presented for each vaccine

group as follows: 12 lg (orange), adjuvanted 12 lg (red), 20 lg

(green), adjuvanted 20 lg (blue) and unvaccinated controls (black).

Statistical comparisons between the groups for virus recovery were

based on the mean virus shedding over 6 days or for weight loss on

the mean weight over 14 days for each animal and an analysis of

variance was carried out using a multiple comparisons approach, with a

Bonferroni corrections.

Table 1. Signs of infection in mice challenged with

A ⁄ chicken ⁄ Italy ⁄ 13474 ⁄ 99 (H7N1) virus

Vaccine

No. of mice (n = 20)

Died Weight

loss >10%

Virus

recovery

Clinical

symptoms

Disease

free

12 lg 1** 9 15 2 4

12 lg + AlOOH 0** 4 12 0 7

20 lg 0** 8 16 0 3

20 lg + AlOOH 1** 3 12 2 8

None 17 20 20 20 0

Following viral challenge, animals were weighed and observed for

death and clinical symptoms (ruffled fur, neurological signs, respira-

tory and ocular symptoms) for 14 days and nasal washings were

collected for 6 days to monitor viral shedding. The table shows the

number of mice exhibiting signs of infection on any of the observa-

tion days. Disease-free animals are defined as mice that did not

show any of the following: weight loss, virus recovery and clinical

symptoms. The statistical analysis for the clinical scores was based

on the data collected from 1 to 14 days post-challenge. As the clini-

cal score data were not normally distributed, a non-parametric anal-

ysis of variance and the Wilcoxon rank test was used for performing

pair-wise comparisons.

**Significantly lower than the control (none) group (P < 0Æ001).
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adjuvanted 20 lg HA group was killed due to excessive

weight loss.

Protective efficacy in ferrets

The protective efficacy of this vaccine was further investi-

gated in a pilot study in ferrets by vaccinating with two

doses of adjuvanted 24 lg HA or saline (control group)

and challenging 21 days later with the highly pathogenic

H7N1 parent virus. Previously we have not detected sys-

temic spread of virus at 3 days post-infection32 so in this

study two ferrets from each group were killed at 6 days

post-vaccination when the occular symptoms first

occurred.

Vaccination induced modest antibody responses
Low HI antibody responses were detected after the first

vaccination [geometric mean titre (GMT) 10] and the anti-

body response was boosted after the second dose of vaccine

(GMT 76), whereas no HI antibody was detected in the

control group (Figure 4A). No MN antibody was detected

until after the second dose in vaccinated ferrets (MN titres

42–200) and no antibody was detected in control animals

at any time point. Six days following challenge low HI

responses were detectable in control animals (GMT 8),

whereas HI (GMT 64) and MN responses (MN titres

51–206) remained at the pre-challenge level in vaccinated

animals. Viral challenge further increased HI (GMT 256)

and MN (MN titres 264–313) antibody titres by two- to

fourfold by day 14 post-challenge.

The ability of the vaccine to elicit cross-reactive HI anti-

body response 18 days after the second vaccination was

examined to a contemporary Eurasian egg grown virus

[A ⁄ mallard ⁄ Netherlands ⁄ 12 ⁄ 2000 (H7N3)] and a North

American H7 subtype human isolate [A ⁄ New York ⁄ 107 ⁄ 03

(H7N2)]. The vaccine elicited low but detectable titres to a

A

B

C

Figure 4. The protective efficacy of the vaccine in ferrets. Groups of

four ferrets were vaccinated with two doses of 24 lg HA aluminium

adjuvanted H7N1 vaccine or saline (controls) and challenged 3 weeks

after the second dose with the highly pathogenic H7N1 virus. Two

animals from each group were killed at 6 days post-challenge and the

remaining two at 14 days post-challenge. (A) The serum HI and MN

antibody responses measured pre- and 21 days after the first (1st) and

second (2nd) doses of vaccine (n = 4 per group) and at 6 and 14 days

post-challenge (dpc) (2 ferrets per group). The HI data is presented as

the geometric mean titre and 95% confidence interval of vaccinated

(filled black bars) or control (open white bars) animals. The MN titres

are presented as the mean ± SEM of vaccinated (dark grey bars) or

control (light grey bars) animals after the second vaccination and at 6

and 14 days post-challenge. For calculation purposes, HI and MN titres

<8 and 20, respectively, were assigned values of 4 and 10. (B) The viral

shedding in the nasal wash measured from four animals per group at

1, 3 and 5 days post-challenge, and two animals per group at day 6.

The data is presented as mean are presented as the mean ± SEM by

filled circles and the control ferrets by open circles. A mixed linear

regression model was used to test the viral recovery from nasal washes

and the vaccinated ferrets had significantly lower viral shedding than

control animals (*P < 0Æ05). (C) Viral recovery from the eye, spleen,

lung and brain detected 6 days after viral challenge of vaccinated (filled

black bars) and controls (open bars). The log viral titres were

determined in the nasal wash (log EID50 ⁄ ml) or in the tissues (log EID50

per ml eye swab fluid or per gram of tissue) and are presented as the

mean ± SEM. The lower limit of detection was 100Æ5 EID50 ⁄ ml for virus

recovery from nasal washes, tissues and eye swabs.
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prototype Eurasian strain (all animals HI titre 8) and

North American (range in HI titres 8–16) strains.

A cell-based H7N1 vaccine reduced viral shedding
and prevents systemic spread of virus in ferrets

Vaccination reduced clinical signs of infection
No febrile responses were detected in any of the animals

after viral challenge. All vaccinated animals continued to

gain weight throughout the study, whereas the weight of

control animals stabilized from 9 days post-challenge

(results not shown). One control animal developed occular

symptoms, with excess watery and coloured tearing,

between 6 and 8 days post-challenge.

A cell-based H7N1 vaccine reduced viral shedding
There were significantly higher (P < 0Æ05) levels of virus

recovery in the nasal washes of the controls (20- to 100-

fold higher) than the H7N1 vaccinated animals on each of

the sampling days (Figure 4B). Individual viral titres were

lower in the vaccinated than the control ferrets on all days

except on day 5, when one immunised animal had a

twofold higher titre than the highest titre recorded for the

controls. Nasal wash virus was recovered from fewer chal-

lenged mice in the adjuvanted than in the non-adjuvanted

vaccine groups.

Vaccination prevented lower respiratory tract and systemic
spread of virus
No virus was recovered from eye swab, lung, spleen and

brain from vaccinated animals at 6 days post-challenge,

whereas all of these samples were positive for virus in the

control animals (Figure 4C). The titres for lung, spleen and

brain homogenates for the two control animals were very

similar (£2-fold difference for each organ), but a 50-fold

difference was observed for the eye swabs. The viral recov-

ery from the brain (log 4Æ5) was much higher than from

the lungs (79-fold), spleen (316-fold) and eye swabs (631-

fold) in the control animals. The whole brain was collected

and included the olfactory bulbs which may have increased

the level of virus detected.

Discussion

In 2003, an avian influenza strain of the H7 subtype caused

one human death in the Netherlands, as well as 86 cases of

conjunctivitis and respiratory symptoms in people who

handled infected poultry.2,3 Avian H7 viruses have also

caused zoonoses in Italy, the USA (2003), Canada (2004)

and Great Britain (2007).4,44,45 The H7 viruses can be

divided into two geographical and phylogenetic groups,

termed the Eurasian and North American lineages.46 Inter-

estingly, the Eurasian strains have been found to elicit

cross-reactive antibodies to both the Eurasian and North

American viruses.47 To increase pandemic preparedness

against the H7 subtype, we have prepared a PER.C6 cell-

derived vaccine based on a highly pathogenic Eurasian

H7N1 strain. The vaccine was formulated with or without

aluminium hydroxide adjuvant to investigate the immuno-

genicity and protective efficacy in pre-clinical animal mod-

els. Recently, this candidate H7N1 vaccine has also been

evaluated in a human phase I clinical trial33 and found to

elicit only low HI and MN titres, although the addition of

aluminium adjuvant significantly augmented the antibody

response.

Candidate pandemic inactivated avian influenza virus

vaccines have been shown to be weakly immunogenic com-

pared to seasonal strains and two doses of adjuvanted vac-

cine are generally necessary to induce protective antibody

levels (reviewed in Ref. 48). Most pandemic vaccination

studies have concentrated on the H5N1 subtype and there

are only a limited number of candidate H7 vaccine strains

available.26,32,49,50 In this study, we have shown that cell-

based inactivated split virion H7N1 vaccine elicited low

antibody levels in mice after two doses of either 12 or 20 lg

HA whether it was formulated with or without AlOOH.

Our murine data suggests that there is also a need for more

effective adjuvants other than aluminium salts with candi-

date H7 influenza vaccines, such as e.g. the promising pro-

prietary oil-in-water emulsion systems MF59 and AS.

Furthermore, the vaccine also stimulated low levels of cross-

reactive HI antibodies in mice (results not shown) and fer-

rets (Table 2) to a North American H7 subtype human iso-

late and the A ⁄ mallard ⁄ Netherlands ⁄ 12 ⁄ 2000 (H7N3) virus,

Table 2. The cross-reactivity of the post-vaccination HI antibody

response in ferrets to influenza A H7 strains

Ferret

Virus strain

RD-3

A/mallard/

Netherlands/

12/2000 (H7N7)

A/New York/

107/03 (H7N2)

Vaccinated 76 8 11

Control –* –* –*

Groups of four ferrets were vaccinated with two doses of 24 lg HA

aluminium adjuvanted H7N1 vaccine or saline (controls) and blood

collected 18 days post-vaccination. Serum HI titres 8 days after the

second vaccination were measured by a modified HI assay using cell

grown RD-3 (H7N1) or egg grown A ⁄ mallard ⁄ Netherlands ⁄ 12 ⁄ 2000

(H7N3) and A ⁄ New York ⁄ 107 ⁄ 03 (H7N2) viruses and horse red

blood cells. The geometric mean titre (GMT) of each strain is given

for the vaccinated and control groups. The limit of detection of the

HI assay was 8 and HI antibodies were detected in all immunised

ferrets to all strains.

*Negative HI titres (<8).
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which was the likely ancestor of the highly pathogenic virus

that caused the Netherlands outbreak in 2003.

Importantly, this H7 vaccine induced significant protec-

tion from disease and death in mice, despite low pre-chal-

lenge serum HI and MN antibody titres. In contrast, 17 of

20 unvaccinated control mice died or had to be killed due

to severe illness. Similarly, other studies have found that

whole virus H7 vaccine alone (10 lg HA) or formulated

with aluminium salt adjuvant protected mice against chal-

lenge with both homologous and heterologous H7

strains.26,49 In contrast, a H7N7 subunit virus vaccine did

not elicit protection against homologous challenge, unless

formulated with ISCOM adjuvant,19 suggesting that type of

vaccine (whole, split or subunit) may play a role in genera-

tion of protective immunity. In our study, all vaccine for-

mulations tested provided protection from disease and

death. The adjuvanted vaccine groups also had higher

numbers of mice without any signs of infection and lower

numbers of mice suffering from weight loss and viral shed-

ding than the non-adjuvanted vaccine groups, although not

statistically significant. These findings suggest that the for-

mulation of the vaccine with aluminium hydroxide adju-

vant increased priming against subsequent infection,

reducing disease manifestations. Others have also found

that adjuvanting with aluminium salts reduced viral shed-

ding and prevented systemic spread of the H5 or H7 virus

after challenge.26,27,49 In human clinical trials of candidate

pandemic vaccines, aluminium adjuvant has ranged from

augmenting to suppressing the antibody response (reviewed

in Ref. 51) and the oil-in-water emulsions have proved

most effective at enhancing the antibody response to pan-

demic candidate vaccines.

The intrinsic ability of a vaccine formulation to elicit

an immune response is influenced by activation of the

innate immune response via pathogen-associated molecu-

lar patterns. The ability to induce T-helper response can

be assessed by using the IgG2a antibody response as an

indicator of a Th1 phenotype and IgG1 as a marker of a

Th2-biased response.52 We have previously observed that

whole virus vaccine elicits high levels of IgG2a antibodies

particularly after the first dose of vaccine. In mice, inacti-

vated seasonal split influenza virus vaccines have been

shown to elicit a mixed Th1 ⁄ Th2 response,42,53,54 whereas

formulation of vaccines with AlOOH is known to pro-

mote a Th2-skewed immune response (reviewed in Ref.

55). Surprisingly, in this study IgG1 completely dominated

the antibody response in all vaccine groups and almost

no IgG2a was detected either after vaccination or chal-

lenge. We have previously produced a whole virus vaccine

from the highly pathogenic strain used in these studies

and found that this vaccine elicited IgG2a antibody and a

mixed IgG2a ⁄ IgG1 profile56. Similarly, despite only low

antibody concentrations in the unimmunised control mice

after challenge, a mixed IgG2a ⁄ IgG1 profile was observed

and this may be associated with the viral ssRNA activat-

ing toll-like receptor 7. This suggests that the formulation

of a vaccine used for priming influences the subsequent

IgG2a ⁄ IgG1 profile after viral challenge, as found previ-

ously.38 IgG1 antibodies have been found to be associated

with virus neutralization, whilst IgG2a has been shown to

correlate with clearance of virus and increased protection

against lethal viral challenge.57 In our study, protection of

mice from disease and death after a Th2 skewed response,

highlights that priming by vaccination may have induced

memory B and T cells which could be reactivated upon

viral challenge and play an important role in protection.

Ferrets are the most relevant animal model for influenza

vaccine studies. Our particular highly pathogenic H7N1

virus induced a relatively mild disease in infected ferrets

(e.g. no fever and no weight loss) yet the virus caused

conjunctivitis and spread to the lungs and beyond, which

contrasts with the severe disease and death observed in

mice. However, in both these animal models, we observed

ocular symptoms and conjunctivitis which is similar to H7

infection of man where the majority of infected patients

present with conjunctivitis, and some cases are also associ-

ated with influenza-like illness. We demonstrated in ferrets

that whilst 24 lg HA of this H7 vaccine formulated with

AlOOH evoked modest HI and MN antibody titres, it

effectively prevented spread of the highly pathogenic virus

to the eye, the lower respiratory tract (lungs) and systemi-

cally to the brain and spleen at 6 days post-challenge.

Furthermore, vaccination also reduced nasal viral shedding,

thus potentially reducing transmission of the virus and

preventing spread of the virus to the lower respiratory

tract. Indeed, protective efficacy studies using pandemic

candidate H5 vaccines in animal models have shown that

correlates of resistance to serious illness and death to avian

viruses may not be solely reflected by levels of circulating

serum antibodies.18,50,58,59 Furthermore, vaccination may

still protect against disease and death after challenge in the

absence of detectable antibodies, as mice were protected

against lethal H5N1 challenge despite no or very low

pre-challenge HI and neutralisation antibody titres.18,50,57

Other factors, such as the intrinsic ability of the vaccine

to stimulate the innate response, effective priming of

the adaptive immune system particularly the cellular

immune response and its associated cytokine production

may also play a role. These findings may be highly relevant

to the development of human candidate pandemic or

pre-pandemic influenza vaccines, as there is widespread

concern about the low serum antibody response detected

in humans after immunisation with avian influenza vaccine

candidates.

In this study, we have investigated the protective efficacy

of a PER.C6� cell grown H7N1 split influenza virus vaccine
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in pre-clinical animal models. Importantly, whilst this vac-

cine induced modest antibody titres in these animals it

effectively prevented systemic spread, reduced viral shed-

ding and reduced illness and ⁄ or death after challenge with

the highly pathogenic parent avian H7 virus. The ability of

this vaccine to provide cross-protection against Eurasian

and North American strains which have caused human ill-

ness is important and would require further investigation.

In a pandemic scenario, the ability of a vaccine to reduce

transmission and protect people from disease and death is

paramount. Thus, our results confirm and extend the find-

ings with H5 vaccine candidates that HI and MN antibody

titres alone are not necessarily the optimal correlates of

protection and that more research is needed to define these

factors.
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